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INTRODUCTION

Genomic integrity in mammals as in other organisms can be maintained in part by

homologous recombination mechanisms. Using homology, lesions such as chromosomal

double-strand breaks (DSBs) can be precisely repaired. Sister chromatids would be expected to

be the favored "template" for repair since they are identical to each other (1). It had nevertheless

been thought that homologous repair of chromosomal DSBs would be disfavored relative to

nonhomologous repair since repair using other homologous templates, such as alleles or

repetitive elements, could be mutagenic, resulting in loss of heterozygosity or chromosomal

translocations, respectively (2, 3). Thus, homologous repair may be finely balanced to maintain

genomic integrity, such that when genes involved in DSB repair are disrupted genomc integrity

could be perturbed.

The RAD51 protein is an essential component of homologous recombination pathways as

it is able to carry out strand-exchange between homologous DNA molecules. Both BRCA1 and

BRCA2, products of the hereditary breast cancer genes, co-localize with RAD51 to nuclear foci

following DNA damage in mitotic cells (4, 5). BRCA-deficient human cells and Brca-deficient

murine are sensitive to DNA damaging agents that create DSBs, implicating these proteins in

1DSB repair (6). Our goal has been to determine if mutation of BRCA1 or BRCA2 affects

homologous recombination.

BODY

Statement of work:

Task: To analyze gene targeting and the homologous repair of induced DSBs in Brca2-deficient
ES cells.

"* Quantitate gene targeting efficiencies in Brca2-deficient and parental ES cells using
pimhyg targeting constructs; analyze the fidelity of the gene targeting event by
Southern and PCR analysis

"* Quantitate homologous repair of DSBs in mutant cells by adding the I-Sce I
endonuclease

The Brca2lex1/ex2 and control ES cell lines (7) were tested for gene targeting proficiency at

the piml locus on chromosome 17, using a previously published pimhyg targeting design (8, 9).

The previously published design was modified in our last granting period to create an additional

recombination substrate cloned within the pimhyg targeting vector (Figure 1A) that will be
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described in detail below. This new substrate allows a direct comparison of DSB-promoted gene

conversion in Brcal- and Brca2-deficient cells.

Figure 1 Gene targeting vector and results of DR-GFP gene conversion assays

A pim-1 locus B

H"' HI

probe H 3

p59xDR-GFP6 >
HI-•4t hyg I cGFP Ipuro I iGFP I , • '

E I ID I 2
H -Scel H

targeted allele (p59xDR-GFP6) 10-0
T00- 0

'~J Eli i puro I ' I M I-Scel: - + - + - +
H r H S H lex/lex-4 lex/lex-6 +/+-6probe H I-S'ce I H

The pimhyg gene targeting vectors contain a promoterless hygromycin resistance (hygR)

gene cloned in frame with piml coding sequences. The hyg gene is expressed when the vector

correctly gene targets at the pim] locus or when a fortuitous nonhomologous integration occurs

adjacent to promoter sequences. The pimhyg targeting vectors (p59DRGFP4 and p59DRGFP6)

were electroporated into both cell lines and hygRcolonies were selected. Southern analysis

demonstrated that gene targeted hygR Brca2tel/tex2 clones were derived but at a lower efficiency

the wild-type ES cells (Table 1). The decrease was about 2-fold.

Table 1

Cell line piml Targeting Efficiency

ES (wild-type) 139 targeted /144 total clones

Brca2IexJlex2 64 targeted / 121 total clones
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Repair of chromosomal DSBs by intrachromosomal gene conversion was next

investigated in the Brca2-deficient and control ES cell lines. During the process of gene

targeting, a gene conversion substrate called DR-GFP (10) was integrated at the piml locus,

since this substrate had been previously cloned into the pimhyg targeting vector (Figure IA).

DR-GFP is composed of two differentially mutated green fluorescent protein (GFP) genes. GFP

serves as marker gene since a GFP+ gene indicates that a gene conversion event occurred. The

two GFP genes are oriented as direct repeats and separated by a drug selection gene for

puromycin resistance (10). The SceGFP gene is mutated to contain the recognition site for I-Sce

I, a rare-cutting endonuclease, so that DSBs can be induced in the substrate in vivo. The I-Sce I

site was introduced in the GFP gene at a Bcg I restriction site by substituting 11 base pairs (bp)

of wild-type GFP sequences with those of the I-Sce I site. These substituted bp also supply two

in-frame stop-codons, which terminate translation and inactivate the protein. Downstream of the

SceGFP gene is a 0.8 kb internal GFP fragment termed iGFP, and the two homologous mutated

GFP genes are separated by 3.7 kb.

Figure 2 Analysis of homologous repair in GFP positive cells

GFP +
Brca2+/+ Brca2lexl/lex2 Brca2+I+ Brca21exlAex2

kb "H H H/61" H H/* H/6 'H H/B H/S H H/B H/S"

4.2 - 4 J . - " 4''

2.6 
04

2.1 -

1.6 -

0.74- -

Gene conversion initiated by a DSB at the I-Sce I site restores an intact GFP gene whose

expression is detected by cellular fluorescence. Several gene targeted cell clones were analyzed

for each cell line and for two orientations of the DR-GFP substrate. Cells were electroporated

with an I-Sce I expression vector or control DNAs and then analyzed for fluorescence on a flow

cytometer. Results are shown in FigurelB. The wild-type cell clones had average gene

conversion frequencies of approximately 3%, whereas the Brca2lexl/zex2 cell clones had average

frequencies of about 0.5% irrespective of the orientation of the DR-GFP substrate. Thus, DSB-
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promoted homologous repair is decreased with Brca2 mutation. The GFP positive cells were

sorted from both cell lines and shown to have undergone the expected gene conversion event

(Figure 2). In these sorted cells the I-Sce I site was converted to a Bcg I site (see also Figure

1A).

These results are consistent with our initial hypothesis that BRCA2 plays a key role in

recombinational repair of chromosomal breaks. Gene conversion is a very precise form of DSB

repair and is not mutagenic when it occurs between sister-chromatids which we have previously

demonstrated is assayed by direct repeat recombination, as in our gene conversion substrate DR-

GFP. Therefore, BRCA2 mutation alters an important DNA repair pathway.

Task: Express a BRC repeat to specifically disrupt the BRCA2 interaction with Rad51 during
induced I-Sce I chromosomal cleavage for the analysis of DSB repair, including LOH and
chromosomal translocations

* create dominant-negative expression plasmids for the wild-type (and, for a control,
mutant) open reading frames of BRCA2 for functional inhibition of BRCA2/Rad51
protein interactions

We have created a dominant-negative expression plasmid for disrupting the BRCA2-

Rad51 interaction by expressing a BRC repeat from BRCA2 which has been shown to interact

with Rad51 (11). The BRC repeat 3 (or BRC3), a small peptide of 70 amino acids, is expressed

using a chicken 13-actin promoter. We have expressed this peptide in a wild-type ES cell line

containing the DR-GFP vector and found that the DSB by gene conversion is consistently

reduced by expression of this peptide. Thus this interaction appears to be important for Rad51

activity. We are currently expressing this peptide in cell lines containing allelic recombination

substrates to examine LOH (2) and substrates to measure translocations (3) to see if

chromosomal rearrangements are altered.

KEY RESEARCH ACCOMPLISHMENTS

"* Characterized gene targeting clones from Brca2-deficient and parental ES cells containing

the marker gene conversion substrate

"* Quantitated DSB-induced gene conversion in Brca2-deficient and parental ES cells using

pimhyg targeting constructs
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* Quantitated DSB-induced gene conversion in wild-type ES cells expressing a BRC repeat

from BRCA2

REPORTABLE OUTCOMES

- Development of dominant negative BRC repeat peptide expression vector for use in DR-GFP

recombination studies

- Manuscript:

Moynahan, M.E., Pierce, A.J., and Jasin, M. (2001) BRCA2 is required for homology-directed
repair of chromosomal breaks, Molecular Cell 7, in press.

CONCLUSIONS

Our results support the hypothesis that BRCA2 plays a role in homologous repair of

chromosome breaks, as we have previously shown for BRCA2. These proteins, therefore, have a

role in preserving genomic integrity, such that mutations would be expected to be tumor

promoting as a result.
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Summary

The BRCA2 tumor suppressor has been implicated in the maintenance of chromosomal

stability through a function in DNA repair. In this report, we examine human and mouse

cell lines containing different BRCA2 mutations for their ability to repair chromosomal

breaks by homologous recombination. Using I-Sce I endonuclease to introduce a double-

strand break at a specific chromosomal locus, we find that BRCA2 mutant cell lines are

recombination deficient, such that homology-directed repair is reduced 6- to >100-fold,

depending on the cell line. Thus, BRCA2 is essential for efficient homology-directed

repair, presumably in conjunction with the Rad5l recombinase. We propose that

impaired homology-directed repair caused by BRCA2 deficiency leads to chromosomal

instability and, possibly, tumorigenesis, through lack of repair or misrepair of DNA

damage.



Introduction

Germline mutations in either of the breast cancer susceptibility genes BRCA1 or BRCA2

predispose to breast, ovarian, and other cancers (Rahman and Stratton, 1998). Inheritance of one

defective allele of either gene is sufficient to confer cancer predisposition, but tumors from

predisposed individuals consistently exhibit loss of heterozygosity, implying that the BRCA1 and

BRCA2 gene products act as tumor suppressors. Both genes encode large nuclear proteins whose

function in tumor suppression has been a matter of speculation, although roles in both DNA repair

and transcription have been ascribed (Welcsh et al., 2000).

Common to BRCA1 and BRCA2 is a physical interaction with the mammalian Rad5l

protein, a homolog of bacterial RecA which catalyses strand exchange during homologous

recombination (Cox, 1999). Both proteins colocalize with Rad51 to nuclear foci after DNA damage

and at forming synaptonemal complexes early in meiotic prophase (Chen et al., 1998a; Scully et al.,

1997). The interaction of BRCA2 with Rad51 is mediated by a series of internal BRC repeats

(Chen et al., 1998b; Wong et al., 1997), with an additional Rad5 1-interacting domain described for

mouse Brca2 at the extreme C-terminus (Mizuta et al., 1997; Sharan et al., 1997). Consistent with a

role for these proteins in DNA repair, BRCA1- and BRCA2-deficient mouse and human cells

display chromosome instability and are sensitive to DNA-damaging agents, particularly those

agents which cause DNA double-strand breaks (DSBs) (Abbott et al., 1999; Chen et al., 1998b;

Connor et al., 1997; Gowen et al., 1998; Patel et al., 1998; Sharan et al., 1997; Shen et al., 1998).

Homologous recombination is a conserved pathway for the repair of DSBs, with Rad51

postulated to play a central role (Cox, 1999; Paques and Haber, 1999). In mammals as in other

organisms, homology-directed repair (HDR) of a DSB maintains genomic integrity through precise

repair by gene conversion, using the sister chromatid as a repair template (Johnson and Jasin,

2000). Nonhomologous repair mechanisms also play a major role in the repair of DSBs in

mammalian cells, although this type of repair is generally thought to be imprecise and potentially

more mutagenic (Jeggo, 1998). BRCAl -deficient cells have recently been demonstrated to have

3



impaired HDR of a chromosomal DSB, whereas nonhomologous repair was not diminished

(Moynahan et al., 1999). A similar role for BRCA2 as a 'caretaker' of genomic stability would

suggest that BRCA2 inactivation could foster tumorigenesis by increasing the likelihood that cells

would accrue mutations in genes that control cell division, death or life-span.

In this study, we sought to directly determine if BRCA2 plays a role in homologous repair

of DSBs by examining the repair of a DSB introduced into a defined site in the genome. We

report that human and murine cells carrying different BRCA2 mutations have a diminished capacity

to repair a chromosomal DSB by gene conversion. These findings establish a biological function

for BRCA2 that is relevant to carcinogenesis.
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Results

BRCA2-deficient CAPAN-1 Cells are Defective in HDR

The human pancreatic adenocarcinoma cell line, CAPAN-1, carries a 6174delT mutation on one

allele of BRCA2 with loss of the wild type BRCA2 allele (Goggins et al., 1996). This frameshift

mutation, which is frequent in families with hereditary breast and ovarian cancer, leads to a

truncation after amino acid 1981 within BRC repeat 7 (Figure IA). Consistent with this, the

CAPAN- 1 cell line has been demonstrated to express a truncated BRCA2 protein (Marmorstein et

al., 1998; Su et al., 1998).

This cell line was reported to be hypersensitive to genotoxic agents specifically capable of

producing DNA DSBs (Abbott et al., 1998; Chen et al., 1998b). To test whether the

hypersensitivity is due to impaired HDR of chromosomal DSBs, we introduced a recombination

repair substrate into the CAPAN- 1 genome (Figure 2). The repair substrate incorporates a direct

repeat-green fluorescent protein (DR-GFP) reporter and assays non-crossover gene conversion

events (Pierce et al., 1999). DR-GFP is composed of two differentially mutated green fluorescent

protein (GFP) genes (Figure 2A). The SceGFP gene is a mutated GFP gene which contains the 18

bp recognition site for the rare-cutting I-Sce I endonuclease, and as a result will undergo a DSB

when I-Sce I is expressed in vivo. The I-Sce I site was incorporated at a BcgI restriction site by

substituting 11 bp of wild-type GFP sequences with those of the I-Sce I site. These substituted bp

also introduce two in frame stop codons. Downstream of SceGFP is an 812 bp internal GFP

fragment (iGFP) that can be used to correct the mutation in the SceGFP gene to result in a GFP+

gene. Molecular analysis has previously confirmed that GFP positive cells following I-Sce I

expression are derived from a noncrossover gene conversion within the DR-GFP substrate (Pierce

et al., 1999). By contrast, deletional recombinational events give rise to a 3' truncated GFP gene

which has been shown to be nonfunctional for GFP expression (Pierce et al., 1999). The two GFP

genes are separated by a puromycin resistance gene which is used to select for integration of the

DR-GFP substrate into the genome of cells.

5



The DR-GFP substrate was electroporated into CAPAN- 1 cells and clones which had

randomly integrated the substrate into the genome were selected with puromycin. Six

independently isolated clones were identified by Southern analysis to have undergone integration of

an intact, single copy DR-GFP substrate (+, Figure 2B; data not shown). Multiple digests were

performed to confirm that the integrated recombination substrate was single copy and that no gross

changes in the integrity of the reporter substrate had occurred prior to integration (data not shown).

To detect HDR of an induced chromosomal DSB, the I-Sce I expression vector pCBASce

was transiently transfected into five of the CAPAN- 1 DR-GFP clones, and flow cytometry was

used to quantify GFP positive cells (Figure 2C). Due to the slow growth characteristics of the

CAPAN- 1 cells, flow cytometry was performed at different time points to determine the time after

transfection for maximal detection of GFP positive cells. A few GFP positive cells (0.0086%) were

detected maximally 5 days after transfection of pCBASce (Figure 2C; Table 1; data not shown).

No GFP positive cells (or only extremely rare positive cells) were detected following transfection

with negative control DNA, indicating that spontaneous intrachromosomal gene conversion was rare

and that the few GFP positive cells from I-Sce I expression were from DSB-induced

recombination. Combining data from the five CAPAN-1 clones, the I-Sce I-generated DSB

induced HDR approximately 20-fold. This induction of HDR is significantly less than we have

typically found in other cell lines with this recombination reporter (Pierce et al., 1999). We

attempted to complement the CAPAN- 1 cell line by expressing full-length BRCA2 from a cDNA

expression vector (Marmorstein et al., 1998). However, we have thus far been unable to detect

appreciable expression levels, presumably due to difficulties in expressing this large protein.

To verify that the low frequency of HDR is not due to poor transfection efficiency, the

CAPAN- 1 clones were also electroporated with the pNZE-CAG vector which expresses wild-type

GFP protein from the same control elements as I-Sce I in the pCBASce vector. Maximal GFP

expression was detected 3 days after electroporation at a frequency of 12% of the electroporated

cells (data not shown), and then declined 5 days after transfection to an average of 4% (Table 1).

We can surmise, therefore, that HDR is occurring in approximately 1 per 1400 cells successfully

6



transfected with the I-Sce I expression vector, based on a 12% transfection efficiency and an

average frequency of recombination of 0.0086%.

We have typically found that a DSB introduced into the genome of rodent cells within the

DR-GFP substrate leads to as much as a three order of magnitude induction of homologous

recombination (Pierce et al., 1999). More recently we have tested a variety of immortalized human

cell lines for HDR and found a similarly large induction of gene conversion, such that recombinants

are at least 5 to 10% of the electroporated cells (A.Pierce, M.E.Moynahan, and M.Jasin,

unpublished results). With this large induction, recombination is estimated to occur in roughly 1 in

10 cells successfully transfected with the I-Sce I expression vector. Thus, the CAPAN-1 cells have

more than a 100-fold reduction in homologous repair as compared with other cell lines.

Gene Targeting is Reduced in Brca2texu1 mex 2 Mouse ES Cells

Due to difficulties in complementing the BRCA2 defect in the CAPAN-1 cells, as well as

the inherent questions raised when analyzing the functional role of gene products in tumor-derived

cell lines, we examined the role of BRCA2 in a more genetically defined system. For this we used

murine embryonic stem (ES) cells containing hypomorphic Brca2 alleles. In addition to the

conserved internal BRC repeats, a second Rad51 interacting domain was identified at the C-

terminus of the mouse Brca2 protein by two-hybrid analysis (Mizuta et al., 1997; Sharan et al.,

1997). Consecutive gene targeting with two different vectors was performed in ES cells to create a

cell line in which both alleles are deleted for this interacting domain, which is encoded by exon 27

(Morimatsu et al., 1998). In the lex] allele only sequences encoded by exon 27 of Brca2 were

deleted, whereas in the lex2 allele sequences from exon 27 and part of exon 26 of Brca2 were

deleted (Figure 1B). Although the internal BRC repeats are not perturbed in the Brca2Iex alleles,

Brca2lex-/le 2 cells are hypersensitive to ionizing radiation, indicating a functional significance for the

extreme C-terminus of the protein (Morimatsu et al., 1998).

We first performed gene targeting assays with the Brca2IexJ/Iev2 ES cells to determine their

ability to homologously integrate transfected DNA. Although the precise relationship between gene

7



targeting and HDR has not been established, cell lines with defects in HDR have also been shown

to have gene targeting defects (Dronkert et al., 2000; Essers et al., 1997; Moynahan et al., 1999).

To analyze gene targeting, we constructed a vector that incorporates the DR-GFP recombination

substrate. In this way, HDR at a defined genetic locus could subsequently be assayed in the gene

targeted clones. The DR-GFP substrate was subcloned in both orientations into a gene targeting

vector for the piml locus on chromosome 17 (te Riele et al., 1990), creating the p59xDR-GFP

vectors (see Figure 3A). In these vectors, the selectable hygromycin resistance gene (hygR) coding

sequences are fused in-frame to piml coding sequences, such that cellular hygromycin resistance is

dependent on either homologous targeting to the pim] locus or a fortuitous nonhomologous

integration adjacent to random promoter sequences.

Linearized p59xDR-GFP6 and p59xDR-GFP4 targeting vectors, which contain DR-GFP in

the forward (Figures 3A) or reverse orientation (not shown), respectively, relative to the piml locus,

were electroporated into Brca2+'+ and Brca2lex /1ex2 ES cells and hygR colonies were selected.

Genomic DNA from individual hygR clones was examined by Southern blotting to determine which

clones had undergone gene targeting (Figure 3B). Efficient gene targeting was observed with both

targeting vectors in the wild-type ES cells, with 97% of hyge clones correctly targeted (139 targeted

clones/144 total). The remaining clones were derived from fortuitous random integrations of the

targeting vectors in which the hyg gene could be expressed. Homologous integrations were also

detected in the Brca2lexJl1x2 ES cells (64 targeted clones/121 total), but at an approximately 1.8-fold

lower frequency. This diminished ability to gene target is suggestive of a homologous

recombination defect in cells which are mutated for the Brca2 gene.

Impaired HDR of a Chromosomal DSB by Gene Conversion in Brca2-deficient ES Cells

Homologous integration of the DR-GFP substrate at the piml locus allows us to examine

the ability of cells to repair a DSB by gene conversion at a specific chromosome site. To analyze

HDR in the ES cell lines, several of the targeted Brca2+'+ and Brca2"leJ- 2 clones were transiently

transfected with the I-Sce I expression vector (pCBASce), the GFP expression vector (pCAG-
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NZE), or a negative control DNA. Electroporated cells were typically examined 48 hr later by flow

cytometry. Results from one set of experiments are shown in Figure 4A. GFP positive cells were

undetected or rarely detected (<0.0 1%) in either the wild-type or Brca2Iext,/1ex2 clones transfected with

the negative control DNA, indicating that spontaneous intrachromosomal gene conversion is rare.

Following transfection with pCBASce, GFP positive cells were readily detected in the Brca2+'+

cells. The percentage of GFP positive cells increased from 24 to 40 hr, where it then remained

stable at approximately 3% of the electroporated cells.

In the Brca2Iex/1`,-hI clones, recombination was also induced by I-Sce I expression; however,

the number of recombinants was lower relative to the Brca2+'+ clones, at approximately 0.5 to 0.6%

in this experiment (Figure 4A). A similar reduction in the recovery of recombinants was found for

both orientations of the DR-GFP substrate. Over several experiments the average reduction in

recombination for the Brca2 e/le,12 clones, as compared with the Brca2+'+ clones, was 5 to 6-fold. In

control transfections of the GFP expression vector, equal numbers of GFP positive cells were

observed for both cell lines (data not shown), indicating that transfection efficiency is not

compromised in the Brca2 exu/ve-2 cell lines.

The DR-GFP repair substrate was specifically designed to detect DSB repair by gene

conversion. To confirm that GFP expression in cells was dependent on gene conversion, physical

analysis was performed on the repair substrate in GFP positive cells. Brca2+1+ and Brca2IexJ/Iex 2

cells were transiently transfected with the I-Sce I expression vector and then sorted by flow

cytometry into GFP positive and GFP negative populations. After expansion, genomic DNA was

extracted from each of the sorted pools and analyzed by Southern blotting. Whereas GPF negative

cells retained the I-Sce I site in the DR-GFP substrate, GFP positive cells had lost the site (Figure

4B). The I-Sce I site in the GFP positive cells was repaired with restoration of the BcgI site,

providing conclusive evidence of DSB repair by gene conversion with the downstream iGFP gene

fragment. This was apparent in GFP positive populations derived from either the Brca2+/+or

Brca2IexI/1ex2 cells, indicating that the GFP positive cells in the Brca2Iel/ 1ex2 mutant were also derived

by gene conversion rather than a novel type of repair.
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In vivo Interaction of Brca2 with Rad5l

The CAPAN-1 cell line, which harbors a BRCA2 truncating mutation within the BRC

repeats (Figure IA), rarely exhibited cellular green fluorescence following induction of a

chromosome break, indicating a profound defect in HDR in these cell lines. However, the

Brca2Iexl/Iex2cells, in which the truncating mutations are well removed from the BRC repeats, had a

smaller reduction in HDR. Although it is difficult to directly compare the magnitude of a gene

conversion defect in different cell types, it would seem probable that this difference is related to the

extent of Brca2 truncation and the ability of the truncated proteins to be expressed and to interact

with Rad5l. A truncated BRCA2 protein has been demonstrated to be expressed in CAPAN-1

cells, although reports vary on the extent of expression (Marmorstein et al., 1998; Su et al., 1998).

The truncated protein interacts with Rad51 by co-immunoprecipitation (Chen et al., 1998a;

Marmorstein et al., 1998); however, the Rad51-BRCA2 complexes may be reduced (Marmorstein et

al., 1998), and, significantly, the truncated protein is primarily detected in cytoplasmic extracts

(Spain et al., 1999). Consistent with this, a nuclear localization signal was recently identified at the

C-terminus of the human BRCA2 protein, which is deleted in the truncated BRCA2 protein in

CAPAN-1 cells (Spain et al., 1999; Yano et al., 2000).

Truncation of the mouse protein could likewise effect protein stability or localization.

Although a nuclear localization signal for the mouse Brca2 protein has not been functionally

determined, comparison of the mouse and human proteins shows significant sequence conservation

in this region of the protein, which is encoded by exon 27 and therefore deleted in the Brca2lex

alleles. To evaluate the stability and localization of the truncated mouse protein, Western blotting of

extracts from the Brca2 mutant cell line was performed with antibodies directed against Brca2.

Fractionated extracts from the Brca2IexJ/1 ex2 ES cells demonstrated a robust signal that was

predominantly localized to the nucleus (Figure 5A), despite deletion of the presumed nuclear

localization signal. Thus, it is likely that there is another, as yet unidentified, motif in the mouse
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I

protein that can confer nuclear localization. In both the wild-type and mutant cells, a small amount

of the protein was apparent in the cytoplasmic extract.

Since Western blotting indicated Brca2 protein was present in the Brca2""I'lex2 cells, further

biochemical analysis was performed to determine if the protein interacted with Rad5 1. Western

blot analysis indicated that Rad51 levels were similar in Brca2+'÷ and Brca2IexI/I,, 2 cells and that it

was distributed in both the nucleus and cytoplasm (data not shown), as has been found in human

cells (Davies et al., submitted). Nuclear and cytoplasmic extracts derived from Brca2+'+ and

Brca2l 1.,I
1
1

2 cells were immunoprecipitated with the anti-Brca2 antibody and immunoblotted with an

anti-Rad5 1 antibody (Figure 5B). Rad5 1-Brca2 interactions in the nucleus appeared unperturbed

in the Brca2 l,/1e,2 cells, although some signal was also detected in the cytoplasm of these cells.

Therefore, despite the loss of the C-terminal Rad51 interaction domain in the Brca2ex,/111x
2 cells, a

deficiency in Rad5 l-Brca2 interaction is not apparent.
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Discussion

These results are the first to directly demonstrate a role for BRCA2 in homologous recombination,

specifically in efficient HDR of DNA damage. Impaired HDR of DSBs is observed in human cells

which contain a common mutation in families at risk for breast cancer, as well as in a mouse cell

line containing a targeted mutation. This is the first such report of a human cell line with a defect in

HDR. The magnitude of the defect in the human CAPAN-1 cells is >100-fold as compared with

other human cell lines, whereas in the Brca2 e1,le?2 ES cells HDR is reduced 5 to 6-fold relative to

wild-type ES cells. Thus, the severity of the defect was significantly greater in cells which express a

highly truncated BRCA2 protein, than in cells in which only the most C-terminal Rad51 interacting

domain is perturbed. Gene targeting as assayed in the mouse cells was also reduced.

Although BRCAJ and BRCA2 show no homology, the two genes share several

characteristics aside from a predisposition to breast and ovarian cancer when mutated. For example,

disruptions of Brcal and Brca2 in the mouse lead to early embryonic lethality (see below), and

both proteins co-localize to nuclear foci with Rad5 1. In addition to BRCA2 mutant cell lines, we

have previously examined homologous recombination in ES cells containing a Brcal hypomorphic

allele (Moynahan et al., 1999). The magnitude of the HDR defect in the Brcal mutant cells was

similar to that in the Brca2 e1,/le?2 cells. However, the gene targeting defect was much more severe,

approximately 20-fold in the Brcal mutant compared to less than 2-fold in the Brca2 mutant. This

suggests that, although these two proteins are both involved in homologous recombination, they

have divergent contributions to different recombination pathways.

The HDR defect in the BRCA2-deficient cells is consistent with their hypersensitivity to

ionizing radiation and other damaging agents that produce DSBs (Abbott et al., 1998; Chen et al.,

1998b; Morimatsu et al., 1998). CAPAN-1 cells have also been found to be defective for ionizing

radiation induced foci of Rad5 1 (Rad5 1 -IRIF), despite the ability of the truncated protein to interact

with Rad51 (Marmorstein et al., 1998; Yuan et al., 1999). This is likely due to the cytoplasmic

location of the BRCA2 and Rad51 proteins in these cells (Davies et al., submitted; Spain et al.,
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1999). The significance of Rad5 1-IRIF for DSB repair is unknown. However, in addition to

BRCA2 mutants, three other cell lines which have defective Rad5 1 -IRIF also have HDR defects.

These cell lines are mutant for Brcal (Bhattacharyya et al., 2000; Moynahan et al., 1999), Rad54

(Dronkert et al., 2000; Tan et al., 1999), and the Rad5 1-related protein XRCC3 (Bishop et al., 1998;

Pierce et al., 1999). Although it is possible that BRCA2 and these other three proteins are each

directly required for the physical assembly of Rad51 into nuclear foci, an alternative is that

disruptions in HDR per se cause defects in Rad5 1-IRIF.

Null mutations of Brca2, like Rad51 and Brcal, confer an early embryonic lethality in the

mouse and an inability to recover viable cell lines (Hakem et al., 1996; Lim and Hasty, 1996; Liu et

al., 1996; Ludwig et al., 1997; Sharan et al., 1997; Shen et al., 1998; Suzuki et al., 1997; Tsuzuki et

al., 1996). Brca2 hypomorphic alleles which allow animal and cell survival preserve at least a few

BRC domains (Connor et al., 1997; Friedman et al., 1998; Morimatsu et al., 1998). Formally it is

possible that viability is unrelated to recombination; however, enough residual recombination

activity may be preserved in these truncation mutants to permit survival. Consistent with this, our

DSB assay detects rare GFP positive cells following DSB induction in the CAPAN-1 cells,

indicating that a limited amount of HDR is still possible.

Peptides encoding the third or fourth BRC repeat (BRC3 or BRC4) have recently been

shown to disrupt Rad51 nucleoprotein filament formation (Davies et al., submitted). Additionally,

over-expression of BRC4 confers radiation sensitivity to cell lines containing wild-type BRCA2

and, significantly, a point mutation in the small BRC4 peptide, which has been observed to be a

cancer-conferring mutation, abrogates the radiation hypersensitivity (Chen et al., 1999). The

decrease in HDR we have observed can be due to improper sequestration of Rad51 by stably

expressed products which retain BRC repeats, as for the CAPAN-1 cells (Davies et al., submitted).

Significantly, impaired HDR repair is found in the Brca2"eh'/1 ex2 cells even though Rad51-Brca2

interaction in the nucleus is largely intact. This implies that the truncated Brca2 protein may have a

more subtle defect in Rad51 interaction or localization not obvious by co-immunoprecipitation or

that the extreme C-terminus plays an additional role in recombination.
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Some mutation carriers, such as those with the 6174delT mutation, are expected to express a

truncated BRCA2 protein, which like wild-type BRCA2 can interact with Rad5 1. As yet, it is

unknown whether truncated BRCA2 which retains some interaction with Rad51 diminishes HDR in

the presence of wild-type BRCA2. A heterozygote phenotype for viability or tumorigenesis has not

been reported in mice with targeted Brca2 alleles, and thus far human tumors derived from BRCA2

mutation carriers consistently reveal loss of the wild-type allele. However, more subtle changes, i.e.,

in breast and ovary morphology, have been described in mice heterozygous for either Brcal or

Brca2 mutations, and these changes may be exacerbated by carcinogen exposure (Bennett et al.,

2000). As well, it has been reported that cells from BRCA1 and BRCA2 mutation carriers are more

radiosensitive than cells from wild-type individuals (Foray et al., 1999). Given the sensitivity and

technical ease of the DSB repair assay used in this study, the efficiency of HDR in carriers of

various BRCA2 mutations can be explored.

The recombination construct used in this system detects one type of HDR, specifically gene

conversion unaccompanied by crossing-over. Noncrossover gene conversion is a common HDR

pathway in mammalian cells for the repair of DSBs and employs sister chromatids, homologs, and

heterologs, with the primary template for HDR being the sister chromatid (Johnson and Jasin,

2000; Johnson et al., 1999; Liang et al., 1998; Moynahan and Jasin, 1997; Richardson et al., 1998).

The DR-GFP substrate, by analogy to other substrates, is believed to provide a measure of both

unequal sister chromatid and intrachromatid recombination (Johnson and Jasin, 2000; Pierce et al.,

1999), which leads us to propose that BRCA2 has a general role in sister chromatid recombination

in proliferating cells. Consistent with a role for BRCA2 following DNA replication, mRNA

expression peaks at the G1/S boundary (Rajan et al., 1996; Tashiro et al., 1996; Vaughn et al.,

1996), with protein levels increasing as cells enter S phase (Bertwistle et al., 1997; Su et al., 1998).

Rad5l shows a similar cell cycle-dependent expression (Yamamoto et al., 1996). Recent studies in

E. coli have demonstrated that the main function of homologous recombination under normal

growth conditions is to restart stalled replication forks (Cox et al., 2000). Direct evidence for a

similar role in mammalian cells is not available; however, the lethality of Rad51, Brcal, and Brca2
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null mutations and the inhibition of cell division upon Rad51 down-regulation (Taki et al., 1996)

support such a role for homologous recombination in mammalian cells.

In addition to homologous recombination, DSBs can also be repaired efficiently in

mammalian cells by nonhomologous mechanisms (Liang et al., 1998). Both of these repair

pathways are implicated in the maintenance of genetic integrity, as cells with homologous or

nonhomologous repair defects exhibit gross chromosomal rearrangements (Cui et al., 1999;

Difilippantonio et al., 2000; Gao et al., 2000; Karanjawala et al., 1999; Shen et al., 1998), including

cells with hypomorphic Brca2 alleles (Lee et al., 1999; Patel et al., 1998; Yu et al., 2000). That the

HDR deficiency is responsible for the genomic instability of Brca2-deficient cells is supported by

their apparent proficiency in nonhomologous repair, as determined by V(D)J recombination (Patel

et al., 1998) and in vitro end-joining assays (Yu et al., 2000). Although the precise etiology of

gross chromosomal rearrangements is not understood, translocations were recently shown to occur

between two broken chromosomes in normal cells (Richardson and Jasin, 2000). The

translocations arose by nonhomologous end-joining and simple annealing at homologous repeats,

but not by gene conversion repair (Richardson and Jasin, 2000). It is possible, therefore, that when

HDR is disrupted, DSBs usually repaired by gene conversion are instead repaired by other

mechanisms which are more prone to giving rise to translocations and other gross chromosomal

rearrangements.

The cellular response to chromosome breaks, including with which pathway to repair, may

be determined by the cell cycle phase, differentiation status of the cell, and the tissue type (see e.g.,

(Essers et al., 2000; Gao et al., 1998; Takata et al., 1998)). Cells that have exited the cell cycle may

be more dependent on nonhomologous repair, whereas cells that are self-renewing, such as during

embryogenesis and in some adult tissues, may be more dependent on HDR to repair DSBs that

arise during cell division. Whether the tissue specificity seen in hereditary breast cancer

predisposition is attributable to a dependence on HDR during key developmental periods or during

renewal of cycling epithelial stem cells is an important area for future investigation.
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BRCA2, unlike BRCA1, has relatively few alternative hypotheses as to its tumor suppressor

function (Welcsh et al., 2000). The striking chromosomal instability phenotype that accompanies

HDR deficiencies is a hallmark of human solid tumors, including BRCA2-associated tumors

(Tirkkonen et al., 1997). The profound defect in HDR of chromosome breaks in BRCA2 mutant

cells confirms a caretaker function for BRCA2 in protecting genomic integrity through efficient

repair of DNA damage by homologous recombination.
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Experimental Procedures

DNA Manipulations

The p59xDR-GFP6 and p59xDR-GFP4 pim] targeting vectors were constructed by modifying the

previously described gene targeting vector, p59 (te Riele et al., 1990), to contain XhoI sites flanking

the targeting arms (p59x) and the DR-GFP recombination substrate (Pierce et al., 1999). The

phHPRT-DR-GFP plasmid was digested with AvrII and ends were filled-in by Klenow

polymerase, followed by digestion with SspI. The 6.7 kb fragment containing DR-GFP was cloned

into the p59x targeting vector at a unique SmaI site 30 bp downstream of the hyg coding sequences.

Constructs containing DR-GFP in both the forward and reverse orientations relative to the hyg gene

were created (p59DR-GFP6 and p59DR-GFP4, respectively). The targeting fragments were

obtained by XhoI digestion.

Cell Transfections and Southern Analysis

For stable transfection, CAPAN- 1 cells were electroporated at 800 V/3 paF with 75 pig of the

SacI/KpnI fragment from phHPRT-DR-GFP, followed by selection after 48 hr in 0.4 gg/ml

puromycin. Puromycin resistant clones were picked and expanded 21 to 30 days later. Southern

blots of genomic DNA from these clones were probed with a radiolabelled 1.4 kb HpaI-NarI GFP

fragment from pNZE-CAG. CAPAN- 1 clones 4, 5, 8, 11, and 23 were confirmed using PstI,

HindIlI, BglII, and Spel analysis to have integrated an intact DR-GFP fragment. Overall 13% of

the analyzed puromycin-resistant CAPAN- 1 clones had randomly integrated an intact DR-GFP

repair substrate. The CAPAN-1 6174delT mutation was verified by DNA sequencing.

For gene targeting, ES cells were electroporated with 75 pg of linear targeting fragment

from p59xDR-GFP, followed by selection after 48 hr in hygromycin 110 pg/ml and puromycin 1.0

pg/ml. For DSB repair assays, actively growing cells were electroporated at 250 V/960 VF with 30

to 50 pg of pCBASce (Richardson et al., 1998), mock DNA, or pNZE-CAG (Pierce et al., 1999)
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and plated in non-selective media. Cells were trypsinized at the indicated times and analyzed by

flow cytometry. Data were analyzed with Lysis software.

For physical confirmation of HDR, 1 x 108 ES cells were transfected with 100 pg

pCBASce and 48 hr after transfection cells sorted based on GFP expression. Collections of GFP

negative and GFP positive cells were expanded. Digested genomic DNA was probed with the

1.4kb GFP fragment as depicted in Figure 4B.

Protein Manipulations

Cytoplasmic and nuclear fractions were prepared in buffers A and C and the nuclear fraction was

dialyzed in buffer D, as described (Lee et al., 1994). Total protein content was determined by Bio-

Rad DC protein assay. For Western blot analysis of Brca2 protein, 100 Pg of fractionated lysate

was electrophoresed by 4.5% SDS-PAGE and probed with anti-BRCA2 Ab-2 antibody (Oncogene

Research). For co-immunoprecipitation, 1 mg of cytoplasmic extract and 500 pg of nuclear extract

were immunoprecipitated with lmg anti-BRCA2 antibody and separated by 10% SDS-PAGE. The

probe was an anti-Rad51 antibody (a gift of Steve West).
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Table 1. CAPAN- 1 cells exhibit low levels of homologous DSB repair

No. GFP positive cells

CAPAN- 1

Clone DNA: Neg pCBASce pNZE-CAG

#4 <1 X 10- 1.5 X 10-4  2.9 X 10-2

#5 <1 X 10- 0.6 X 10-4  4.8 X 10-2

#8 <1 X 10- 0.3 X 10-4  3.5 X 10-2

#11 1 X 10-5  1.0 X 10-4  ND

#23 1 X 10- 0.9 X 10-4 ND

All clones 0.4 X 10-5 0.86 X 10-4  3.7 X 10-2

(±0.5 X 105) (+0.45 X 104) (±1.0 X 102)

FACS analysis was performed 5 days post-transfection. Numbers for each clone are from the

average of 2 or 3 experiments per cell clone, with 50,000 cells analyzed per experiment. GFP

positive cells after pCBASce transfection are presumably derived from recombination of the GFP

gene in the chromosome and reach a maximum level 5 days post-transfection. GFP positive cells

after pNZE-CAG transfection are derived from transient expression of the plasmid GFP gene and

reach a maximum level 3 days post-transfection. (The number of transiently GFP positive cells at

3 days is approximately 3-fold higher than at 5 days.) ND - not determined.
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Figure legends

Figure 1. Schematic of wild type and mutant BRCA2 proteins.

(A) Human BRCA2 protein is 3418 amino acids long. Notable structural motifs include a

centrally located region of eight BRC repeats (black bars) which interacts with Rad51 and a C-

terminal nuclear localization signal (nls). In the CAPAN- 1 pancreatic cancer cell line, one BRCA2

allele contains a 6174delT mutation and the other allele is lost. The mutant BRCA2 allele encodes a

truncated protein of 2002 amino acids, including 1981 BRCA2 amino acids and 21 amino acids

generated by the frame shift. The truncation of BRCA2 sequences at amino acid 1981 occurs

within BRC repeat 7.

(B) The murine Brca2 protein is 3328 amino acids long and is 59% identical to human BRCA2,

although specific regions are highly conserved (Sharan and Bradley, 1997). Conserved regions

include the centrally located BRC repeats and the nls (amino acids 3189 to 3238). An additional

Rad51 interacting domain was identified at the same region in the C-terminus of the murine protein

as the nls (amino acids 3196 to 3232). Brca2lex"/Ie' 2 ES cells harbor two different alleles, both of

which encode truncated Brca2 proteins deleted for the C-terminal Rad51 interacting domain and the

conserved nls identified by sequence homology.

Figure 2. HDR of an induced DSB in CAPAN-1 cells is defective.

(A) The recombination repair substrate DR-GFP is composed of two differentially mutated GFP

genes, SceGFP and iGFP. When I-Sce I endonuclease is expressed in cells containing the DR-

GFP substrate in their genome, a DSB will be introduced at the I-Sce I site in the SceGFP gene.

Repair of the DSB by a noncrossover gene conversion with the downstream iGFP gene results in

reconstitution of a functional GFP gene, involving loss of the I-Sce I site and gain of the BcgI site.

Because the I-Sce I site mutation in the SceGFP gene entails 11 bp changes, including the

introduction of two stop codons, homologous recombination between SceGFP and iGFP is

necessary to restore a functional GFP gene (Pierce et al., 1999). The SceGFP gene is expressed

from the chicken B-actin promoter with cytomegalovirus enhancer sequences. The shaded regions
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indicate that SceGFP and the corrected GFP genes encode an EGFP protein (mutated or wild-type,

respectively) fused to a nuclear localization signal (light shading) and zinc finger domain (dark

shading) to aid in nuclear retention of the protein (Pierce et al., 1999).

(B) Southern blot analysis of CAPAN- 1 clones derived from electroporation of the DR-GFP

substrate. Genomic DNA from puromycin resistant clones was digested with PstI and probed with

a radiolabelled GFP fragment. Intact integration of the DR-GFP substrate gives 6.1 and 1.6 kb

fragments containing the SceGFP and iGFP genes, respectively. CAPAN-1 clones 5, 8, and 11

contain the expected fragments from PstI and other restriction analyses, as do clones 4 and 23 (data

not shown).

(C) Representative flow cytometric analyses of CAPAN- 1 DR-GFP clones to detect cellular green

fluorescence following DSB induction. Panels depict clones 4 and 5 following transfection with

negative control DNA (top panels), the I-Sce I expression vector pCBASce (middle panels), and the

GFP expression vector pNZE-CAG (bottom panels). Two color fluorescence analysis was

performed, with the percentage of green fluorescent cells above the diagonal indicated. In each

panel, 50,000 cells were analyzed. Flow cytometry shown here was performed 5 days after

transfection. FL 1, green fluorescence; FL2, orange fluorescence.

Figure 3 ES cells with a Brca2 exon 27 deletion have reduced gene targeting.

(A) The pimi genomic locus and the p59xDR-GFP6 vector gene targeted to the pim] locus.

Clones gene targeted at pimi are efficiently selected in hygromycin since the hygR gene is

promoterless in the targeting vector, but is expressed from the piml promoter upon homologous

integration. In p59xDR-GFP6, SceGFP and iGFP are in the same orientation as the piml and hyg

coding sequences. Not shown is the p59xDR-GFP4 vector, in which SceGFP and iGFP are in the

opposite orientation, due to insertion of the entire DR-GFP substrate in the reverse direction into

the p59x pim] targeting vector. H, HincIl sites.
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(B) Southern blot analysis of hygR clones derived from Brca2 ' and Brca2lexJ/1 ex2 ES cells

transfected with a p59xDR-GFP targeting vector. DNA from individually expanded clones was

digested with HinclI and hybridized with the pim] probe shown in (A).

Figure 4 ES cells with a Brca2 exon 27 deletion have reduced HDR of DSBs.

(A) Gene conversion within the DR-GFP substrate as deduced from the percentage of GFP

positive cells. Results from targeted Brca2lexu/ 1ex2 and Brca2+/ ES cell lines are shown from a

representative experiment. Bars not detectable above the x-axis depict the infrequent occurrence of

GFP positive cells after transfection with negative control DNA, whereas the visible black bars

depict the percent GFP positive cells following transfection of the I-Sce I expression vector.

I-Sce I expression strongly induces the number of GFP positive Brca2+'+ cells, indicating robust

DSB repair by gene conversion; however, Brca2'let/t1 x2 cells have 5 to 6-fold fewer GFP positive

cells, indicating impaired HDR of a DSB by gene conversion. In this analysis, at least seven

independent clones from each mutant genotype were analyzed. lex/lex-4 indicates Brca2IexJ/I• 2 cells

targeted with p59xDR-GFP4 vector; lex/lex-6 and +/+-6 indicate Brca2e1,/1 ex 2 and wild-type cells,

respectively, targeted with p59xDR-GFP6 vector. Error bars indicate the SEM.

(B) Physical confirmation of HDR of the I-Sce I-induced DSB. After DSB induction, Brca2+1'

and Brca2ex'/e'x2 cells were sorted based on GFP expression and genomic DNA extracted from each

of the sorted pools was analyzed by Southern blotting. Cells that do not express GFP after I-Sce I

expression (GFP-) retain the I-Sce I site in the DR-GFP substrate. By contrast, cells that express

GFP after I-Sce I expression (GFP+) have repaired the I-Sce I-induced DSB by gene conversion

with the downstream iGFP gene fragment to restore the BcgI site. (Note: As this is a population

analysis, cells present in the GFP negative population at low frequency that have repaired the I-Sce I

site by other mechanisms would not be detected in this analysis.) H, HincII; B, BcgI; S, I-Sce I.

Figure 5. Brca2 expression and Rad5 1 -Brca2 interaction in the Brca2'e"-/Iex2 ES cells.
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(A) Western blot analysis of cytoplasmic and nuclear extracts using an antibody directed against

the BRCA2 protein. In both Brca2+'+ and Brca2 e-l/1e-2 ES cells, Brca2 is primarily nuclear.

Immunoblotting was performed with the anti-BRCA2 Ab-2 antibody.

(B) Immunoprecipitation of nuclear and cytoplasmic extracts using an anti-BRCA2 antibody

followed by Western blot analysis using an anti-Rad51 antibody as a probe. Nuclear co-

immunoprecipitates are similar in both Brca2+'+ and Brca2exI1ex2 ES cells, although Brca2 1exJl/x2

also show a reproducible signal in the cytoplasm, albeit significantly lower than the nuclear signal.

+/+, extracts from Brca2+/+ cells; lex, extracts from Brca2lexu/11x
2 cells.
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